Silicon-based solar cells (SCs) promise to be an alternative energy source mainly due to: (1) a high efficiency-to-cost ratio, (2) the absence of environmentaldegradation issues, and (3) great reliability. Transition from wafer-based to thin-film SC significantly reduces the cost of SCs, including the cost from the material itself and the fabrication process. However, as the thickness of the absorption (or the active) layer decreases, the energy-conversion efficiency drops dramatically. As a consequence, we discuss here three techniques to increase the efficiency of silicon-based SCs: (1) photonic crystal (PC) optical couplers and (2) plasmonic optical couplers to increase efficiency of light absorption in the SCs, and (3) a radial p-n junction structure, decomposing light absorption and diffusion path into two orthogonal directions. The detailed mechanisms and recent research progress regarding these techniques are discussed in this review article.
Introduction
The increasing demand for energy and the effects of global warming are two related issues attracting more and more attention from the public. Photovoltaics (PVs), which can turn sunlight-the most abundant renewable and clean energy source-into electricity, provide a great solution to the current lack of sufficient long-term energy supplies. The earth receives solar radiation at levels of up to ~1. 7 × 10 17 W in the upper atmosphere whereas the rate of current worldwide energy consumption is ~10,000 times smaller, at ~1.6 × 10 13 W [1, 2] . Owing to the eternality of solar energy and the cleanness of solar-energy conversion, photovoltaic technology as an energy source would be a good alternative to fossil energy, once the cost of a SC could be comparable with the cost of fossil fuel (ca. US$0.05-0.13/kWh) [3] .
In 1839, Henri Becquerel first observed the photovoltaic effect [4] (the conversion of light into electricity), which also presents the basic concept behind SCs. Over 100 years later, Daryl Chapin et al. at Bell Labs found that doped crystalline silicon was very sensitive to light and could be a candidate for SCs [5] ; shortly thereafter, researchers invented the prototype for practical SCs made from silicon featuring a single p-n junction. The silicon-based p-n junction SCs have matured gradually owing to improvements in the silicon industry's manufacturing techniques. To date, silicon-based SCs including wafer-based and thin-film technologies have dominated the PV market (more than 90% thereof) [6] , because these SCs meet the following two criteria for the manufacture of a low-cost "clean-energy conversion" system: (1) abundance of raw material, and (2) an absence of negative environmental, health, and safety issues [7] . A report from Yole Development in 2007 even predicted that the dominant photovoltaic technology would be silicon-based cells [8] .
In contrast with today's widely used energy sources, both prohibitive expenses and material shortages of wafer-based silicon SCs prevent substantial use of silicon PV worldwide. As a result, those aforementioned issues of wafer-based solar technology have turned industrial players' attention to thin-film modules, which hold the promise of reducing both the cost and the consumption of relevant materials. Thin-film PV promises several particular benefits such as a more economical cost of processing, less reduction in light-induced degradation, significant flexibility of cells, and a decrease in dark current resulting from bulk recombination. As the thickness of the absorption layer decreases to thinner than 10 m, however, the energy-conversion efficiency drops dramatically. Therefore, to make low-cost thin-film silicon SCs work more efficiently, such a system would need powerful optical couplers that enhance both light coupling and absorption. It is possible to achieve light-trapping by forming a wavelength-scale texture at the top or bottom of the active layer within wafer-based SCs, and large increases in photocurrent have been achieved in this way [9, 10] . However, a rough material surface results in not only an increase in surface recombination but low quality of deposited materials on it. Besides, for thin-film SCs, the thickness of the texture structure is almost on the same scale as that of the active layer. Thus, conventional texture structure is not suitable for thinfilm PV technology, and a new concept or a new structure for enhancing light coupling and absorption of SCs is needed.
In Sections 2 and 3, we briefly review two advanced optical coupling techniques, including PC techniques and plasmonic-enhancing techniques. PC techniques are mainly used as a back reflector of SCs to increase the optical path length inside active layer, hence increasing the efficiency of SCs.
Plasmonic enhancing techniques are based on surface plasmonic resonances at the interface between metal and dielectrics or particle plasmonic resonances by nanoparticles. Both plasmonic resonances can enhance the intensity of electric field locally, therefore increasing the absorption inside thin-film SCs. The thicknesses of active layer in the thin-film SCs we discuss in these two sections are in the range of 0.1 to 10 m. In Section 4, we introduce a new concept of architecture, a radial p-n junction structure, which can decompose the light absorption and diffusion path and can further increase the energy-conversion efficiency of silicon-based SCs.
Photonic Crystal Techniques
A photonic crystal (PC) is defined as a periodic dielectric structure with refractive index periodicity of the same order as the wavelength of electromagnetic radiation inside. The concept was first described by Yablonovitch and John [11] [12] [13] about two decades ago. In general, there are three types of PCs: one-, two-, and three-dimensional PCs (1D, 2D, and 3D PCs). Figure 1 shows the schematic pictures of the three PC types, where the high-and low-index materials as represented in red and blue respectively are arranged in a certain spatial period, c. In a PC, a periodic potential, which originates from alternative changes of the refractive index, results in a band structure for photons. This concept for photons in a PC is analogous to the case for electrons in a crystalline semiconductor. Based on the band structure of a PC, the optical properties including transmittance and reflectance can be easily described. Therefore, we can manipulate light by PCs and exploit such patterned structures to enhance the photon absorption within SCs. There are usually two ways to use the absorption enhancement of SCs: one is to implement a diffraction grating and a rear reflector; the other rests on the sub-wavelength patterning of the absorbing layer itself, which behaves as a planar PC.
A Bragg reflector, which is known as a one-dimensional PC along a light-propagating direction, can function as rear mirrors under the active layer to double the optical path length [14, 15] . In theory, researchers could enhance path length at more than fifty times the cells' thickness by combining a Bragg reflector with both an ideally roughened front surface and a lossless material of PC [16] . So far, the best experimental result for the enhancement of path length is, however, around 10 times the cells' thickness [17] . Some researchers use modulated distributed Bragg reflectors (DBR) to confine more broadband light, as shown in Figure 2 [18] . These researchers proposed a simple modulated PC for extending the region of high reflectance by piling up PCs with different periodicities corresponding to different "band-gaps." The resulting modulated structure becomes a combination of two PC parts in this case-one with smaller periodicity, as shown in Figure 2(a) , and the other with greater periodicity, as shown in Figure 2(b) . The upper part ensures the high reflectance of short wavelengths of light, while the second part exhibits a high reflectance for longer wavelengths, thereby achieving sufficient broadband reflectance, as shown in Figure 2 Although the ability of PC back-reflectors to enhance absorption is encouraging, significant challenges arise when attempting to incorporate the light-trapping technique in PV devices. An in-plane one-dimensional PC can function to form large angle diffractions [19] [20] [21] , thereby increasing the optical path length as well. Yet periodic gratings are not so useful owing to huge transmission losses. The schematics of reference cells without back structure, "DBR-only," and "grating-only" cells are shown in Figure 3 (a,b,c), respectively. Zeng et al. [22] demonstrated a potential approach that combines the diffraction gratings with the DBR in the form of textured PC (TPC), shown in Figure 3 (d). The short-circuit current enhancement of such a design can reach levels of 28.3% and 45.2 % for cells with thicknesses of 5 m and 2 m, respectively. Some researchers have described the underlying physical mechanisms that give rise to absorption enhancements in thin silicon film featuring PC back-reflectors, and have described hurdles that researchers must surmount in order to reduce-to-practice a PC back-reflector operating as an actual PV device [23, 24] . Figure 4 . It was demonstrated that there could be both a significant improvement in optical absorption and accordingly attainment of enhanced energy-conversion efficiency [25] . The relative increases of 11.15% and 3.87% relative to the conventional design are achieved for 2 m and 10 m thicknesses, respectively. From the above description, we know that the design of PCs would constrain the photons (which are inside the cell layer) through a multi-bouncing process taking place between the front-side and back-side electrodes. Thus, the absorption ratio can be increased because of longer traveling path of incident light inside the active layer. To create such an optical resonant cavity, all the related research focuses on reaching or overcoming the 4n 2 enhanced factor (n presents the refractive index of an active layer) [26] . Maximal enhancement (complete absorption) at the resonant frequency in an arbitrarily weakly absorbing material is obtainable by matching the cavity decay time with the intrinsic absorption decay time of the material together with the use of back reflectors. [26] 
Plasmonic Enhancing Techniques
Surface plasmon is a coherent charge-density oscillation existing at the interface between two media with opposite-sign dielectric constants, typically metals and dielectrics [27] . The charge-density wave is associated with an electromagnetic wave, whose electric field reaches the maximum at the interface and decays evanescently within both media. Figure 5 shows a schematic for surface plasmon traveling at the interface between the dielectric layer and the metallic layer. The features of surface plasmon exhibit many special properties, like intense absorption and an enhanced electromagnetic field, which have been achieved in various applications including bio-sensing [28] [29] [30] [31] [32] and bio-tagging [33, 34] , nanoscale optical devices [35] , near-field optical microscopy [36] , and sub-wavelength photonics [37] . For an SC, the key to applying "surface plasmon enhancing" techniques is to couple the light from a propagating mode to a guided mode along the interface between the active layer, which is a dielectric usually, and the metallic layer. Applying surface plasmon resonance to PVs, therefore, results in an increase in the energy-conversion efficiency mainly due to enhanced optical absorption.
Figure 5.
A schematic for surface plasmon resonances traveling along the tangential direction at the interface between a dielectric and a metallic layer. The enhanced electric field reaches its maximum at the interface and decays exponentially from the surface.
The plasmonic structures are able to enhance the absorption by localizing light at sub-wavelength dimensions and to synergize with the use of ultra-thin-film absorbers, as well as quantum wells, quantum dots, and potentially molecular photovoltaic absorber materials. There are several plasmonic structures used for enhancement of absorption in thin-film SCs, such as nano-scale patterning metallic film and metallic nano-particles distribution. The main purpose to applying those plasmonic structures is to increase the traveling path length of photons within an SC active layer. Thus, Polo et al. [38] combined SCs with so-called "nano-engineered metamaterials" [39] , i.e., sculptured thin films (STFs) in a dielectric medium, to support multiple plasmonic modes in thin-film SC, thereby, rising the SC's transferring efficiency. Figure 6(a) shows the Kretschmann configuration for such a measurement setup. Their calculations were performed at an interface in the Kretschmann configuration with an aluminum film of thickness 15 nm, SNTFs made of TiO 2 and the coupling high-index material being ZnSe. The corresponding incidence-angle-dependent enhanced absorbance at the wavelength of 633 nm is shown in Figure 6 (b). For p-polarized light incidence, there are two sharp peaks of absorption at the angle of incidences of 49.91° and 75.73°; for s-polarized light incidence, there is one peak of absorption at 55.32°. Moreover, Ferry et al. [40] proposed a metallic, subwavelength, and polarization-independent groove structure (shown in Figure 7 ) under the silicon layer; moreover, the observed enhancement factor relative to a no-groove control set is up to 2.5 at the longest wavelengths (~1100 nm). At the surface plasmonic resonance frequency, the enhanced local fields near the scatterers (grooves) lead to increased incoupling into the photonic waveguide modes inside the silicon layer, and the surface plasmon is bound to the vicinity of the scattering object because of low group velocity. Figure 8 shows absorption enhancement for a 100 nm wide by 50 nm deep Ag groove for different thicknesses of silicon film, relative to the identical thin-film with no groove. For the 200 nm thick layer of silicon in Figure 7 , the incoupling generally increases with increasing wavelength, except at the frequencies near Fabry-Pérot resonances [40] . For the 150 nm thick film where the film resonance shifts to 580 nm, the structure clearly exhibits enhancement regarding both resonance and the band edge, reaching an enhancement factor of 2.5 at 1100 nm [40] . In general, Reference 40 has demonstrated the strongest absorption enhancement for optically thin layers. In addition to metal films or metallic nanopatterns, metallic nanoparticles support so-called localized surface plasmon resonances (or nanoparticle plasmon resonances) [41] . Catchpole et al. [42] described the state of the art for particles' plasmonic enhancing techniques. Using their report to conduct pioneering work in the area of plasmonic enhancement of light-sensitive devices, Stuart and Hall showed that an enhancement in the photocurrent of a factor of 18 could be achieved for a 165 nm thick silicon-on-insulator photo-detector at a wavelength of 800 nm featuring Ag nanoparticles on the surface of the device [43] . Subsequently Schaadt et al. deposited Au nanoparticles on highly doped wafer-based SCs, obtaining enhancements of up to 80% at wavelengths around 500 nm [44] . Derkacs et al. used Au nanoparticles on thin-film amorphous silicon SCs to achieve an 8% overall increase in conversion efficiency [45] . Recently, Pillai et al. deposited Ag particles on 1.25 m thick silicon-on-insulator SCs and planar wafer based cells, and achieved overall photocurrent increases of 33% and 19% respectively [46] . Catchpole et al. [47] also demonstrated theoretically that particle shape is a crucial parameter determining the light trapping efficiency: path length enhancements in thin films of up to a factor of 30 were found for optimized shapes. There are two basic mechanisms that currently explain photocurrent enhancement by metal particles incorporated into or on SCs: light scattering and near-field concentration of light. The contribution of each mechanism depends mostly on particle size, the strength of the semiconductor's absorption, and the electrical design of the SCs.
The nanoparticle plasmon resonances can readily be tuned into the ideal spectral range for PV applications by means of size, distribution, shape, and local dielectric environment. The optical cross sections for light absorption and scattering resulting from these nanoparticle plasmons are extremely high and may extinguish most of the incident light within layers, where the effective metal thickness (volume metal per unit area) is only a few nanometers. If the oscillator strength associated with these excitations could efficiently be coupled to useful electron-hole pair production in an SC layer, the thickness of thin-film PV layers (~1 to 10 μm) of present-day could be reduced by a factor up to 10 2 [48] (based on the Thomas-Reiche-Kuhn sum rule [49] ). This would pave the way for a new class of SCs, for which materials and concepts not applicable to thicker layers, could be viable.
Catchpole et al. [42] focused on metal-particle scattering as a means of enhancing entrapment of light in thin-film SCs because this type of scattering is the mechanism behind the enhancement in most of the experimental works that have been reported. Figure 9 (a) shows a calculated polar plot of the radiation pattern for an electric dipole with a dipole moment parallel to the surface, placed 20 nm above a silicon substrate (blue dashed line). The radiation pattern for an electric dipole in free space is plotted for reference (black solid line). For the dipole above a silicon surface, only a tiny, barely visible fraction of the light is radiated into the air, while the vast majority (96%) is radiated into the silicon. The effectiveness of this transfer of energy from a dipole to a high-index substrate has been pointed out by Soller et al. [50] , and is related to the high density of optical modes within the silicon. Figure 9 (b) shows radiation patterns of dipoles placed at 20 nm and 60 nm from the substrate, respectively. At larger distances from the substrate, a reduced fraction of the light is radiated into the substrate (e.g., 84% for a dipole 60 nm from the substrate).
Additionally, Catchpole et al. [47] revealed details regarding the fundamental design principles for increased SC efficiency based on using light trapping and light scattering relative to metal nanoparticles. According to their study, cylindrical and hemispherical particles lead to much higher enhancement of fraction of light scattered into the substrate than spherical particles, shown in Figure 10 , because of enhanced near-field coupling. Besides, Ag particles yield much higher path-length enhancements than Au particles. The scattering cross section of the particles is very sensitive to the thickness of a spacer layer at the substrate, which provides additional tunability for designing particle arrays. Meanwhile, the aforementioned researchers investigated the relationship between the maximum enhancement of path length and the fraction of light scattered into the substrate, as shown in Figure 11 . Fraction of light scattered into the substrate, f subs , for Ag particles on a 10 nm thick SiO 2 underlayer on Si: a cylinder with diameter d = 100 nm and height h = 50 nm; a 100 nm diameter hemisphere; a 100 nm diameter sphere; and a 150 nm diameter sphere. Also plotted is f subs for a parallel electric dipole that is 10 nm from a Si substrate. (f subs is the fraction of light scattered into the substrate) (reprinted with permission from [47] . Figure 11 . Maximum path length enhancement for the same geometries in Figure 10 at a wavelength of 800 nm. Absorption within the particles is neglected for these calculations, and an ideal rear reflector is assumed. The line is a guide for the eyes. Insets: (top-left) angular distribution of scattered power for a parallel electric dipole that is 10 nm above a Si surface and Lambertian scatterer; (bottom-right) geometry considered for calculating the path length enhancement (reprinted with permission from [47] . © 2008, American Institute of Physics).
Moreover, Akimov et al. [51, 52] studied the plasmonic effect of Ag nanoparticles on the surface of an a-Si:H thin-film SC on light trapping inside the photo-active layer. In their calculation experiments, it has been shown that by excitation of higher-order surface plasmon resonances in larger nanoparticles, one can increase the energy transmitted into the amorphous silicon layer, as well as decrease the optical absorption related to the metallic nanoparticles. Thus, the overall broadband optical absorption in the photo-active layer can be significantly improved. Optimizing the size and surface coverage of Ag nanoparticles the maximum enhancement of optical absorption within the aSi:H SC can be achieved up to 15.15%, and the corresponding radius and surface coverage of Ag nanoparticles are 80 nm and 11%, respectively.
A simple example of metallic nanoparticle enhancement of SC fabrication can be found in the published findings of Derkacs et al. [45] . They fabricated and characterized a-Si:H thin-film SCs in which Au nanoparticles functioned to engineer the transmission and spatial distribution of electromagnetic fields, and Figure 12 presents both the corresponding schematic diagram and an SEM picture of Au nanoparticles. The research team's findings revealed an increase of 8.1% in short-circuit current density and an increase of 8.3% in energy-conversion efficiency compared to values achieved in reference devices without Au nanoparticles. Besides metallic nanoparticles, it has been proven theoretically that dielectric nanoparticles with high permittivity and low dissipation level can significantly enhance photoelectron generation and hence, result in better performance of thin-film SCs [53] . Chen et al. [54] demonstrated the photoresponsitivity and acceptance angle of n-ZnO/p-Si photodiodes could be enhanced by coating silica nanoparticles on the top surface of photodiodes. Their result provides a potential application in SCs.
A Radial p-n Junction Structure
Besides optical couplers, researchers have also dedicated their efforts to the device's architecture in order to increase efficiency. In addition to external optical couplers and modified surfaces such as anti-reflection coating, textured surfaces, and fish-bone electrodes, researchers have considered internal structural changes. In 2005, Kayes et al. [55] proposed a radial p-n junction structure model, shown in Figure 13 , to decompose the light absorption and diffusion path into two orthogonal directions, and the corresponding conversion efficiency can, in theory, undergo up to a 20% improvement, which is comparable with bulk crystalline silicon SC. Unlike the conventional planar SCs, the radial p-n junction structure can enhance light absorption by increasing the length of the axial direction without increasing the diffusion length along the radial direction. Furthermore, a shorter diffusion path could decrease the electronic recombination caused by impurities. That potential outcome indicates that the demand for high-quality silicon wafers is no longer a requirement for SC, and the removal of this prior requirement makes it possible to reduce costs related to both the purification and the consumption of materials. Figure 13 . A scheme of a radial p-n junction structure. This structure allows the light absorption (axial direction) to be perpendicular to diffusion path (radial direction).
Recent reports that a combination of nanostructured materials and a photovoltaic device could significantly and simultaneously reduce costs and promote efficiency [55] [56] [57] [58] [59] [60] [61] [62] . Unique physical properties appear within such small dimensions owing to quantum confinement or high surface energy, which make nanostructured silicon more feasible for photovoltaic devices. One-dimensional nanostructures such as nanotips (NTs), nanorods, and nanowires (NWs) could present great anti-reflection properties [63] [64] [65] [66] . The reflection of such structures can be significantly reduced down to 5% [64, 65] or even 1% [63] for a broadband spectrum from UV to near-IR which matches the solar spectrum.
By combining the aforementioned advantages of a radial p-n junction structure and a one-dimensional structure, there have been proposals and experimental demonstrations regarding SiNWs SCs. Recently, Tsakalakos et al. [60] realized a radial p-n junction SiNWs SC fabricated by a vapor-solid-liquid (VLS) mechanism, following an chemical vapor deposition (CVD) to coat an external shell, as shown in Figure 14 (a) and (b). From their report, the NW cells showed spectrally broad external quantum efficiency (EQE), and the peak measurement of EQE was 12% at 690 nm, as shown in Figure 14(c) . However, the large-area SiNWs cannot be obtained by the VLS mechanism easily.
An alternative approach to achieving large-area crystalline SiNWs is to use room-temperature aqueous electroless etching [61] and a doped thin-film silicon was deposited as a shell to form p-n core-shell SiNW SCs. In general, the typical wire diameter including the shell is 350-400 nm, which gives a shell thickness of about 150 nm on top of the 50-100 nm initial NW core, as shown in Figure 15 . Yet, in opposition to expectations, the overall efficiency of this device was only 0.46%, limited primarily by interfacial recombination and high series resistance. The authors claimed that surface passivation and contact optimization would be critical to future improvements in device performance [61] . The large area of SiNW SCs provides inherent light-trapping properties based on two potential theoretical frameworks: (1) antenna theory and (2) Mie scattering theory [67] . The light-trapping mechanism makes absorption more efficient without additional antireflection layers. In addition, Lieber's group proposed novel designs for NW SCs that would improve energy-conversion efficiency and that include coaxial tandem and multiple quantum-well (MQW) structures, shown in Figure 16 [68] . A radial p-n junction structure relative to SCs provides a potential solution of the next generation silicon SCs. However, this promising device still has many challenges to overcome, such as enormous surface defects and non-uniformity of the shell coating, which can decrease the energy-conversion efficiency of SCs. 
Conclusions
In this review, we have commented on recent progress in enhancing various techniques that support low-cost silicon-based PVs and that include PCs, plasmonic-enhancing techniques, and a radial p-n junction for SiNW SCs. By placing a PC structure inside a silicon solar cell or by using such a structure as back reflectors, there can be significant increases in absorption efficiency. A plasmonic resonance by either metallic grooves or nanoparticles can also enhance the absorption of SC. The radial p-n junction structure can increase EQE and absorption efficiency as well; anti-reflection properties of such a structure can also facilitate the overall efficiency.
